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suMMARY
An analysiBhasbeenmadeof
16-series prope~er airfoils from
Langley2&inchhigh-speedtunnel
Langley8-foothigh-speedtunnel.
Thisanalysishasshownthat
airfoildatatakenonseveralNACA
testsofs-inch-chordmodelsinthe
and12-inch-chordmodelsinthe
thecombined’effectsofReynoldsnum-
berchangesandvariationsinairfoilcharacteristicsre ultingfrom
differencesinmodelsandtudnelsaresuchthat,whens-inch-chordand
12-inch-chorddataareappliedto full-scalepropellerdesignatornear
thedesigncondition,differencesof lessthan1 percentinefficiency
areinvolved. >.
INTRODUCTION
Thedesignofpresent-daypropellersisusuallybasedupondata
obtainedunderconditionsof scalewhichdiffer-fromthoseofoperation.
Thesepropellersaremadeup to a greatde~ee ofhigh-speedatifoi.1
sectionsforwhichdataareobtainedfromtestsofmodelsof2-to
~-inchchord.Inaddition,mostofthetestsofmodelpropellersusing
NACA16-seriesairfoilsectiormhavebeenconductedonbladesofthis
samewidth.Thequestionthereforehasarisenastothevalidityof
applyingthesetestdatadirectlyto largerscaledesigns.
h ordertoprovideatleasta qualitativeanswertothesequestions,
ananalysishasbeenmadeof somedataavaila’ble,onseveralNACA16-series
airfoilsofboth5- and12-inchchord.A comparisonofdatafrom5- and
. 12-inch-chorda’irfoilshasadditionalsignificanceb causea 12-inchchord “
isrepresentativeofbladewidthscommonlyusedonfull-scalepropellers.
krpersedestherecentlydeclassifiedNACAM L7HI.2,“me Effectsof
R&noldsNumberontheApplicationfNACA16-SeriesAirfoilCharacteristics
to FTopellerDesign”by HaroldE. Cleary,1947.
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NACATN 25$)1
M Machnumber
R Reynoldsnumber‘
a angleofattack,degees
c1 sectionliftcoefficient
~c/4 sectionquarter-chordpitching-momentcoefficient
tic+ia lift-curveslope. ,
Cd sectiondragcoefficient
v forwardvelocity
n rotationalspeed
D, propellerdiameter
x radiusratio
@=#o+cq
9 inducedangle
7 . tan-l~
C2
ofattack
l-i’ elemental.propellerefficiency
Thetestswere
theLangley2h-inch
APPARATUSANDMETHODS
madeintheLangley8-foot
igh-speedtunnel.At the
high-speedtunnelandin
timeof,theseteststhe
Iangley8-foothigh-speedtunnelwasa closed-throatsingle-returntunnel ‘
andthespeedwascontinuouslycontrollableupto a Mach-numberof approxi-
mately0.70.TheLangley2~inchhigh-speedtunnelwasa nonreturn
. .
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inductiont~e oftunnelwiththespeedcontinuouslycontrollableto a
Machnumberof approximately0.80for’s5-inch,15-percent-thickati-
foil.Bothtunnelshavede~eesofturbulenc6,whicharesmallthough
slightlyhigherthanl%atoffreeair. Inbothtunnelsthemodels
completelyspannedthejet;thus,theresultsareessentiallytwo-
dimensional.
ThechordofthembdelstestedintheMgley 8-foothigh-speed
tunnelwas12inches;thatofthemodelstestedintheLangley2k-inch
high-speedtunnelwas5 inches.Theairfoilstestedwerethefollowing
NIKA16-seriessections:16-209,16-215,16-509,16-515,16-709,and’
16-715,that is, sectionshavingthictiessratiosof 0.09and0.15and
designliftcoefficientsof0.2,0.5, and0.7.
Thedata’obtainedwerelift,drag,andpitchingmoment.Thedata
onthe5-inch-chordairfoilswereobtainedby meansofforcemeasure-
mentsintheLangley24-inchtunnel.In the8-foottunnel,forthe
X2-inch-chordairfoilstheliftandmomentdatawereobtainedfrom
pressure-distributionmeasurementsandthedragdatawereobtained
by meansofwakesurveys.TheaveragevariationofReynoldsnumber
withMachnumberfortheairfoilsastestedis showninfigure1.
,
RESUllTSANDDISCUSSION
.
Thechangeswhichoccurinairfoilcharacteristicssuchasdragand
maximuml~t coefficientwithchangesinthevalueofReynoldsnumber
aredirectlyconnectedwiththeactionoftheboundarylayerontheflow
overthea’irfoil.A discussionofthemechanicsoftheseflowchanges
iscontainedinreference1.
Thevariationsof liftcoefficientwithangleof attackfortheair-
foi~ testedarecomparedinfi@re 2. Becausethetestsweremadewith
different-sizemodelsofthesameairfoilsectionsandthe?mdelswere l
testedindifferenttunnels,variationsinthedataaretobe expected
asa resultof individualmodelirregularities,failureto duplicate
modelalinementexactly,and’slightlydifferentwalleffects.Forthese
reasons,onlytheshapeandcharacterofthecurvesinfigure.2should.
be compared.
Themostnoticeableeffectsof differenceinReynoldsnumiberare
slightchangesinl~t-curveslopeanddifferencesinthecharacterof
thbbreakintheliftcurvecorrespondingtotheendofthelow-drag
region.Theseeffectsaremoremarkedfor
ThevariatioriwithMachnumberofthe
thedesignliftrange,fortheairfoilsof
thethickeratifoils.
lift-cirrveslope,takenin
differentsizeispresented
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in figure3. Thedifferencesinslopearegenerally~mallalthough
markeddifferencesoccurfortheNACA16-209and16-715airfoilsabove
a Machnumberof0.60.
Ifthemomentcoefficientsofttiairfoilsarecomparedata given-
value.of liftcoefficient,an indicationofdifferencesinloaddistri-
butionisobtained.Whenthisprocedureisappliedto datafortwo
geometricallysimilarairfoilstestedunderdifferentconditionsof scale,
an tidicationffundamental-flowchangesisobtained.Thevariationof
pitching-momentcoefficientwithliftcoefficientforseveralair~oils
isthereforepresentedinfigure4. Analysisofthesedataindicates
thatthefundamental-flowchanges,whichmaybe dueto scaleeffectsor
modelirregularities,aresmall.Themostnoticeabledifferencesoccur
at liftcoefficientscorrespondingto theendoftheregionoflowbag.
Thesedifferencesindicatethattheliftcoefficienta whichtransition
occursdecreasesastheReynoldsnumberis increased,ashasbeenpointed
outinreference1. Thiseffectisapparentforthethickerairfoils.
Thedifferencesbetweenthedataforthe5- and12-inchNACA16-509and
16-515airfoilsuggestindividualmodelirregularities.
13ecauseboundary-layerchangesareinvolved,itistobe expected
thatwithchangesinReynoldsnuuiberthedragcharacteristicswillbe
affectedto a greaterdegreethantheliftandmomentcharacteristics.
Thevariationsofdragcoefficientwithliftcoefficientforfourair-
.
foils,theIIACA16-209,16-215,16-709,and16-715,attwovaluesof
Machnumberareshowninfigure5. “ ,,
M figure6, curvesofthevariationsof skin-frictiondragcoef- -
ficientwithReynoldsnumberfora flatplatearepresented.These
curvesarebasedonthelaminarandturbulentlawsforskin-friction
drag(reference2)andshowhowthedragcoefficientdecreasesasthe
Reynoldsnumberis ticreased.Fortheconibineddragcoefficientofboth
surfaces,thelaminarlawis
*
2.654cd=—
rR
andtheturbulentlawis
o.14a
cd=—
#5
Thepointsplottedinfigure6 arethevaluesofminhmndragcoef-
ficientakenfromfigure5. Thesedataaregenerallywitti thelimits
ofthelsminarandturbulentcurves.Reference1 showsthatrough
.— . — ——.. . — ——— . ———
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airfoilsurfacesgivedragcoefficientswellabovetheturbulentskin-
frictioncurve.Therelativepositionofthedatafora givenairfoil
betweenthelaminarandturbulentcurvesdependson scaleeffectsand
factorsuchaspressurewadientsandsurfaceroughnesswhichtifect
boundary-layertransition.
Includedinfigure6 isthevariationofminimumdragcoefficient
fortheNACA16-209airfoilasreportedinreference3. Thesedatawere
obtainedinonetunnelunderconditionsof lowturbulence.Thesimi-
laritybetweenthetrendsofthedragvariationwithReynoldsnumber
shownby thedatatakenfromreference3 andthosereportedherein
indicatesthattheratherlargedifferenceinthedragasobtainedinthe
Langley8-foothigh-speedtunnelandtheLangley24-inchigh-speed
tunnelisactuallya scaleeffectandisnotcausedby differencesin
tunneltesttechniquesormodelsurfacecondition.
Thedifferencesinslopeofthevariationofdragcoefficientwith
Reynoldsnuniberforthe5-inch-chordairfoilsas comparedwiththeNACA
16-209datafromreference3 areascribedto compressibilityeffects
whichresultinthesteepeningofthepressure-recovery~adientsover
theairfoils.Theseeffectsareexpectedtobemorepronouncedforthick
airfoilsas isilhstratedby therelativelyslightvariationofdrag
coefficientwithReynoldsnumberfortheI?ACA16-~5 and16-715airfoils.
Theadverseffectsof increasedrecovery~adientsincriticalReynolds
nuder rangesarefurtherillustratedby theincreasesinvalueofdrag
coefficientasthethicknessandcamberareincreased.
ticonsideringtheapplicationfthesedatatopropellerdesign,
itshouldbe pointedoutthatchangesindragcoefficientoftheorder
ofthosefoundinfigure6 willhaveonlya smalleffectonpropeller
performanceatdesignconditionsbecauseattheseconditionsthelift-
dragratioishighand,sincetheelementalefficiency(see,forexample,
reference4) is
tan @o
~’ =
tan(@+ y)
thechangesinefficiencywillbe of smallorder.
Wind-tunnelmodelsarecarefullypreparedandmaintained;whereas
inactualoperationmanufacturingirregularitiesandsurfaceroughness
willprobablyproducevaluesofdragcoefficientclosertothoseobtained
onthe5-inch-chordmodels.Therefore,althoughthe5-inch-chorddata
donotrepresenttrueconditionsof scale,theymaybe safelyusedto
estimatepropellerperformance.Forexample,thedifferencesineffi-
ciencycomputedby therelationjustgivenbaseduponthedifferences
indragcoefficientforthe5- and12-inch-chordairfoilswillbe ofthe
. .. . . ... . . . . -— .-. —. -. - - ———.. ------- —-- ------- -— ,- - —-——--——-- -.—--— -.. ..Z..-_ ..-..
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orderof0.6percentifit isassumedthatfora typicalpropellerthe
representativesectionsovertheimportantareaofthebladehavethick-
nessratiosof0.09or lessandarecamberedto givea designlift
coefficientof 0.5. Thisdifferenceofefficiencywillholdfora range
of liftcoefficient*0.1fromdesignatvaluesofMachnumberup to0.50.
Ifthickerorlowercamberedsectionsareusedor ifthebladeis
operatedawayfromthedesigncondition,differencesgreaterthan1 per-
centmaybe expected.If,however,operationaldragcoefficientsare
higherthanthosepresentedforthe12-inch-chordairfoils,thedif-
ferencesinefficiencywillbe smaller.Moreover,useofthe5-inch-
chorddatagivesa moreconservatismestimate
CONCLUSION
of efficiency.
Differencesoflessthan1 percentinpropeller&fficiencyator
nearthedesignconditionwillbe involvedinapplyingdatafrom5-inch-
chordand12-inch-chordairfoilteststofull-scalepropellerdesign.
LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics
LangleyField,Vs.,August21,1947
*
REFERENCES
1.Abbott,IraH.,VonDoenhoffjAlbertE.,andStivers,LouisS.,Jr.:
summaryofAirfoilData.NAcARep.824,1945. (FormerlyNACA
ACRL5C05.)
2.Dodge,RussellA.,andThompson,MiltonJ.: FluidMechanics.First
cd.,McGraw-HillBookCO.,Inc.,1937,pp.322-325.
3. Jacobs,EastmanN.: PreliminmyReportonIaminar-FlowAirfoilsand
NewMethodsAdoptedfor&foil andBoundary-LayerInvestigations.
NACAACR,June1939.
4.Weick,FredE.: Aircraft~opellerDesign.McGraw-HillBookCo.,Inc.,
1930,p. 68. -
.
NACA
“
.,
.
.
TN2591 \ 7
4,~ x /06+
3.6
Long/ey%-foofhly-speedfume)
3.2
2,8
.
2*4 {
2.0‘ /
/.6 “ Ls-inchchotd
“L2 - /
.8 - /
.4 “
./ .2 .3 84 lS .6 .7 .8
Mach hwnbe< CM
v
Figure1.-VariationofaverageReynoldsnumberwithMachn~ber.
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Figure2.-Variation of lift coefficienttith angle of attack for six
W(2A 16-series airfoils of two different chord lengths at M = 0.60.
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